was used for the gas-phase kinetics, while the heterogeneous kinetics were described by a six-step mechanism including stable and radical species. The effects of the graphite surface temperature, the gas-phase equivalence ratio, and the aerodynamic strain rate on the graphite burning rate and NOx production and destruction mechanisms were assessed. Results indicate that as the graphite temperature increases, its burning rate as well as the NO_ concentration increase. Furthermore, it was found that by increasing the strain rate, the graphite burning rate increases as a result of the augmented supply of the gas-phase reactants towards the surface, while the NOx concentration decreases as a result of the reduced residence time. Previous studies based on global approaches (e.g. Makino and Law, 1986) included the use of two gasification kinetic steps of the graphite, namely these of 02 and CO2, as well as one-step gasphase oxidation of the resulting CO. Recent semi-global approaches (Cho et al., 1992; Lee et al., 1995; Chelliah et al., 1996) were based on the work of Bradley et al. (1984) , in which a more detailed, multi-step, heterogeneous reaction scheme was introduced. These studies were conducted in spherical (Cho et al., 1992; Lee et at., 1995) and stagnation flow (Chelliah et al., 1996) configurations, and the gas phase was assumed to be a pure-oxidizing one.
In realistic situations, however, the gas phase may be premixed with fuel(s) at various
concentrations.
Under such conditions, it is reasonable to anticipate that the gas-phase chemical activity will affect the heterogeneous processes and vice versa (e.g. Ronney et al., 1994; Honda and Ronney, 1996) . A profound example of such conditions, is the simultaneous combustion of natural gas and coal in cofiring applications, in an attempt to take advantage of the chemical energy of both fuels, and possibly reduce the NO_ emissions.
Other examples include flame spread over solid surfaces (e.g. Ronney et ai., 1994; Honda and Ronney, 1996) and combustion of dusty flows (e.g. Egolfopoulos and Campbell, 1999) , in which the gas phase is already premixed before the initiation of the heterogeneous processes.
Under such conditions, complex thermo-chemical interactions can be established between the two phases. Furthermore, since the temperature of the solid phase can well exceed that of the gas phase flame, it is possible that the levels of NO_ will be affected. These processes can be further complicated by the presence of non-uniform, strained flow fields, which can affect on the one hand, the gas-phase response and on the other, the mass and heat transport to and from the solid phase. Detailed systematic studies of this reacting configuration have yet to appear in the literature.
In view of the above considerations, the main objective of this study was to conduct a detailed numerical simulation and provide physical insight into the details of solid fuel burning in premixed atmospheres, under the presence of non-uniform flow fields. In order to be able to efficiently probe the details of the chemical interactions of such a system, fuels with well-known chemistry were used as a model case. For the solid phase, graphite was chosen given that a reasonable multi-step description of its heterogeneous kinetics exists (Bradley et al., 1984) . For the gas phase, methane was chosen given that its chemistry is well-characterized. Furthermore, the simultaneous burning of these two important fuels is of practical importance, as mentioned earlier. Figure  1 depicts the stagnation flow configuration that is pertinent to the present study. Its numerical simulation was conducted along the stagnation streamline by using the well-established Sandia code package (Kee et al., 1983 (Kee et al., , 1989 . The original opposed-jet code (Kee, 1992) was further modified allowing for the inclusion of thermal radiation in the gas phase and for no-slip velocity boundary conditions at the stagnation plane (Egolfopoulos, 1994a, b; Egolfopoulos et al., /,!,1 Similar to previous studies (Cho et al., 1992; Lee et al., 1995; Chelliah et al., 1996) , the heterogeneous model of Bradley et al. (1984) was used. The scheme includes the following six kinetic steps:
NUMERICAL APPROACH
C(s) + H20 "-*CO + H2, $5(H20) $6(O2) and the kinetic parameters are those determined in the study of Bradley et al. (1984) , and identical to the ones used in the previous semi-global studies (Cho et al., 1992; Lee et al., 1995; Chelliah et al., 1996) . In the above mechanism, all species are considered to be in the gaseous phase, while C(s) stands for the solid-phase graphite. It should be emphasized that the above mechanism is only a semi-global one, and that reactions between surface species may be important, but reliable detailed schemes describing them are not currently available (Lee et al., 1995) . Furthermore, the graphite porosity has to be considered, when quantitative comparisons with actual experiments are sought (Chelliah et al., 1996) .
The S3(H) step was not used in the previous investigations, given that the H would exist in very small concentrations in the gas phase, for example, when trace amounts of H20 (e.g. 1 per cent)
would be added to the gas phase (Lee et al., 1995) . In the present study, the postflame region of caution when quantitative conclusions are sought for the following reasons. First, in the original work of Bradley et al. (1984) , the temperature range of this step is recommended to be between 303 and 1223 K. Furthermore, Walker et al. (1959) (Cho et al., 1992; Lee et al., 1995; Chelliah et al., 1996) .
In the numerical simulations, the solid-phase temperature was treated as an independent parameter similarly to the studies of Makino and Law (1986) and Chelliah et al. (1996) . Although one should ideally consider transient effects of the solid phase as recommended by Lee et al. (1995) , the parametric study of the solid phase temperature is still valuable, given that it involves the possible values that the graphite is expected to reach during its transient oxidation process, so that the underlying physics can be captured with confidence. Furthermore, the determination of the graphite temperature cannot be uniquely obtained for the geometry studied herein. In the study of Lee et al. (1995) , the transient response of the graphite temperature was conveniently calculated, given that the geometry of interest was that of a spherical particle.
For the gas-phase kinetics, the GRI 2.1 (Bowman et al., 1995) mechanism was used. The mechanism includes 48 chemical species and 277 reactions of the Cz-hydrocarbon and nitrogen chemistry.
The boundary conditions at the interface were identical to these used by Lee et al. (1995) . More specifically, the mass fraction of any species at the interface was determined by equating the rate of mass production of the species by all heterogeneous reactions with the total transport (convective + diffusive) of the species at the interface. Furthermore, Stefan flow convection was allowed at the interface as it is induced by the graphite gasification. Finally, the imposed aerodynamic strain rate, K, was determined as the maximum velocity gradient in the hydrodynamic zone before the heating starts similarly to previous studies (Law, 1988; Egolfopoulos, 1994a, b) .
RESULTS AND DISCUSSION
The numerical simulations were conducted at atmospheric pressure, and for a separation distance between the nozzle exit and the graphite plate, L, of 10 mm. Three equivalence ratios, _b, of the CHJair flames were studied, namely 0.7, 1.0, and 1.3. The surface temperature, Ts, was specified to be 1000, 1500, 2000 and 2500 K. The strain rate was varied from very low to near-extinction values for the gas phase; calculations were terminated when convergence was excessively difficult for near-extinction conditions. Independent calculations were also conducted for the same flames impinging on a inert surface, in order to assess the effect of surface chemistry on the NOx formation.
For all the cases studied herein, the mass burning rate per unit area of the graphite, Re.,, by all heterogeneous reactions and the maximum mole fraction in ppm of NO, XNo .... were determined. Representative results of the dependence of R_., and XNo._i_ on T_ and K are shown in
Figures 2 and 3, respectively for ff = 1.0. Similar dependence was found for the _b = 0.7 and 1.3 flames with few exceptions, which will be mentioned below.
Effects on the graphite burning rate
The results of Figure In order to facilitate the discussion which is presented below, it should be noted that while reactions SI(OH), $2(O), and S3(H) have zero activation energies, reactions $4(CO2) and $5(H20) have large activation energies, which are also nearly identical. Furthermore, the activation energy of $6(O2) is large but lower than these of $4(CO2) and 55(H20). Finally, reaction $5(H20) has a pre-exponential factor that is about 50 times larger compared to $4(CO2).
These comparisons of the kinetic parameters between the various heterogeneous reactions are based on the mechanism of Bradley et al. (1984) .
For a given K, the increase of Rc.s with T_ was found for all _bs to be caused by the activation of reactions $4(CO2), $5(H20), and $6(O2), given that they are temperature-dependent and involve stable species which can be present at high concentrations in the postflame region. Furthermore, for a given T,, the increase of Re,, with K was found to be caused for all q_s by the augmented reactant supply at the surface vicinity, given that large strain rates result to large species concentration gradients at the stagnation plane. At the same time, however, high strain rates can lead to incomplete reaction in the gas phase, and thus can affect the species concentrations at the stagnation plane, as it will be discussed later. One of the main conclusions of this study is that the mechanisms responsible for the solid fuel consumption can substantially differ depending on the gas-phase composition, and that this dependence is further complicated by the magnitudes of both the strain rate and surface temperature. To this end, the fractional contribution of each gas-phase species to the consumption of the solid fuel was calculated as function of the strain rate at different surface temperatures. The results of these fractional contributions are shown in Figures 8, 9 , and 10 for _b= 0.7, 1.0, and 1.3, respectively.
A general remark is that as K increases, the contributions of the stable species CO2, H20, and O2 to Rc.s decrease in most cases. Physically, this happens because as K increases, the residence time is reduced, and the conversion of the intermediate species to stable equilibrium products such as CO2 and H20 is incomplete. Thus, as K increases the concentration of the stable equilibrium products is reduced at the surface, while the concentrations of the radicals increase.
The only exception to that is the initial (low Ks) increase of the fractional contribution of H20 to Re., at T, = 2500 K for all _bs.This fractional contribution subsequently levels off, and in some cases it slightly reduces as K increases. The contribution of O2 was found to decrease as K increases, because of the increased contributions of the OH, O, and H radicals. The only exception to that is the q_ = 1.3 flame at 7", = 2000 K, for which a rapid increase of the 02 contribution is observed for K > 500 s-_. The large contributions of the OH, O, and H radicals to R_._ is caused by the large concentration of these radicals in the postflame region, especially at high strain rates. Such behaviour is not expected in a pure non-premixed oxidizing gas phase, as it was the case in the previous studies (Cho et al., 1992; Lee et al., 1995; Chelliah et al., 1996) . Figure 7 . Effects of aerodynamic strain rate, K, and equivalence ratio, _b, on the mass burning rate of graphite, R .... and the maximum mole fraction of NO for graphite surface temperature T, = 2500 K.
of the reduced CO2 production through the slow CO + OH --. CO2 + H gas-phase reaction.
Subsequently, the $4(CO2) contribution levels off and the increase of $5(H20) is arrested as K increases, and the extent of the conversion of H2 to H20 is reduced.
For the stoichiometric _b = 1.0 flame it can be seen ( Figure 9 ) that at 7", = 1000 and 1500 K, the Re,, is dominated by S3(H) because of the abundance of H radicals, and the fact that reactions $4(CO2) and $5(H20)
are not activated at these low graphite temperatures. At T, = 1000 K, Aerodynamic Strain Rate, K, st Figure 8 . Effects of aerodynamic strain rate, K, and graphite surface temperature, T,, on the fractional species contributions to the mass burning rate of graphite, R .... for a 4_= 0.7 flame.
For the fuel-rich, q5 = 1.3 flame, it can be seen ( Figure 10 ) that the contribution of $6(O2) is minimum, which is reasonable given that there is lack of oxygen in the postflame region.
Furthermore, because of the relative abundance of H radicals in fuel-rich flames (compared to O and OH) the contribution of S3(H) at T, = 1000 K is nearly 100 per cent, and it is reduced to about 60 per cent at T6 = 1500 K at which SI(OH) and $5(H20) become important. At T, = 2000 K and K > 500 s-t the noticeable Re., increase that was shown in Figure 6 , was found to be a result of the extinction of the gas phase, which allows the 02 to reach the graphite surface and readily contribute to the graphite consumption, resulting thus to a nearly 100 per cent At T, = 2000 and 2500 K, $5(H20) dominates at all q_s leading to Re,, of the same order.
Physically, the contribution of reaction $5(H20) to R¢._ dominates at these graphite temperatures the contribution of $4(CO 2) because (a) its specific reaction rate is about 50 times larger than this of $4(CO2) and (b) for methane flames the H20 molar concentration in the postflame zone is twice as much as this of CO2. The contributions of $6(O2) at these high graphite temperatures are reduced given that the O2 is mainly consumed in the gas phase at the vicinity of the stagnation plane by the main branching reaction H + O2 --, OH + O, which becomes particularly fast above 1800 K. At all T,s, the $ = 1.3 flame has in general the lowest Re., for two reasons. First, for fuel-rich flames the concentrations of 02, H20, and CO2 are low in the postflame region. Furthermore, the _b = 1.3 methane/air flame has Le > 1 and it is extinguished while it is far from the surface, so that large species gradients do not develop next to the graphite surface. The exception to that is the case in which extinction of the gas phase occurs at high strain rates, and the R¢,+ increases substantially as it is shown in Figure 6 for T, = 2000 K. Under such conditions, the 02 will not be consumed in the main reaction zone, and it will be readily available for the graphite consumption so that $6(O2) becomes dominant.
The structure of $ = 1.3 flame for T, = 2000 K and at different strain rates can be seen in Figures 11 and 12 . Figure  11 depicts that at the low K = 201 s-x the O2 is totally consumed in the flame zone, and that substantial amounts of H20 form that subsequently are used for the graphite oxidation. As the strain rate increases, however, the gas-phase chemical activity is reduced, 02 reaches the graphite surface and the H20 concentration at the surface is reduced. Similarly, Figure  12 depicts that as the strain rate increases, there is a substantial reduction of the maximum H mass fraction because of the reduced chemical activity of the gas phase. The observed peak of the H mass fraction at the high strain rates is caused by the thermal decomposition of the CH+ fuel at the surface vicinity. 
Effects on the nitrogen oxides
The XNO,m,_ behavior observed in Figures  3-7 can be also explained. increase from Ts = 1500 to 2000 K only for the 4) = 0.7 flame. Furthermore, for Ts > 1500 K (XNo .... )_ = 1.3 < (XNo,max)_= 1.o < (XNo .... )*=o.7. Analysis of the detailed structure revealed that for all cases, the NO formation was a result of both the homogeneous and heterogeneous kinetic processes. These processes, however, were found to depend on both Ts and 4). For the fuel-lean, 4) = 0.7 flame the initiation of NO formation was found to be due to the reactions O+N2---,N+NO (-R176) CH + N2 --* HCN + N,
with the rate of( -R176) being noticeably faster at temperatures above 1800 K. The variations of the rates of R176 and R238 and the mass fraction of NO, YNo, are shown for a 4) = 0.7 flame at a moderate K = 250 s-_ in Figures 13 and 14 for T_ = 2000 and 2500 K, respectively. First, it should be noted that the rate of (R176) increases significantly from Ts = 2000 to 2500 K as a result of the super-adiabaticity of the gas phase. It can bc also seen that while in the main flame zone the relative importance between (-R 176) and (R238)is the anticipated one, next to the solid fuel there is a second peak of the rate of (R238). This second peak at the vicinity of the solid phase was found to be caused by the heterogeneous production of CH4 via S3(H), which is active at all Distance from Graphite Surface, cm 
with CN being produced directly from HCN.
These findings indicate the importance of (R238) to this kinetic sequence leading to NO. In both Figures  13 and 14 , it can be also seen that YNo decreases at the vicinity of the solid phase for two reasons. First, there is local dilution effect next to the surface, which is caused by the intense gasification of the solid phase at these high Tss. Second, chemical reactions which reduce NO are activated, as it will be shown below.
Analysis of the fuel-rich, _ = 1.3 flame shows that the initiation of NO formation is entirely due to (R238) at all Tss, and the double pick of (R238) is also observed especially at Ts = 2500 K. At Ts = 1000 and 1500 K, the graphite is mainly consumed by S3(H), with the H radicals being supplied by the flame since no heterogeneous H-producing mechanism is active. At Ts = 2000 K, $5(H20) is activated and the produced H2 is converted to H through (R83). However, the rate of (R83) is low because of the reduced OH concentrations.
At T_ = 2500 K, $5(H20) is enhanced resulting in greater production of H2, so that (R83) is enhanced.
Thus, H radicals are produced, S3(H) becomes important and CH4 is produced. Furthermore, at Ts = 2500 K, CH4 readily decomposes to CHa and H increasing, thus, the local CH 3 and H radical pools. Subsequently, H results to more CH4 production through S3(H), while CH3 is converted to CH2 and finally to CH either through recombination to C2 species or though reaction with H. Thus, the concentration of CH and, as a result, the rate of (R238) are enhanced.
For the _b = 1.3 flame, the NO formation was found to be caused by HNO reactions, namely its thermal decomposition (R210) by an amount of 50 per cent and (R212) by an amount 27 per cent.
The contribution of (R178) to NO is only 22 per cent because of the reduced OH concentration.
HNO was found to be produced almost entirely by (R195) with the sequence proceeding the formation of NH (needed by (R195)) being similar to the one already described. The comparisons depicted in Figures 6 and 7 
The reduction through R176 can be seen in Figures 13 and 14 at the surface vicinity where the rate of (R176) assumes positive values. Furthermore, for the inert surface and for T, > 2000 K, the rate of (-R176) increases substantially with T_ resulting thus in higher XNo .... compared to the graphite surface.
For the fuel-rich, _b = 1.3 flame, it was found that the reduced O concentrations result in a slow rate for reaction (-R 176 (Figures 6 and 7 ) and for K > 2500 s-1 for the _b = 1.0 flame (Figure 7) , was found to be caused by the initiation of the gas-phase extinction process, which results to reduced gas phase-temperatures.
CONCLUSIONS
In this study, a numerical simulation was conducted on the steady burning of a solid fuel in premixed atmospheres, in the presence of strain rate. 
